<§> 



J 



Europalsches Patentamt 
European Patent Office 
Office europden des brevets 



<3 Publication number 



0 363 169 

A2 



® 



EUROPEAN PATENT APPLICATION 



© Application number: 89310133.7 
® Date of filing: 04.10.89 



© Int CIA H02P 6/02 



© Priority: 07.1 0.88 JP 254066/88 

@ Date of publication of application: 
11.04.90 Bulletin 90/15 

© Designated Contracting States: 
DE GB 



© Applicant Matsushita Electric Industrial Co., 
Ltd. 

1006, Oaza Kadoma 
Kadoma-shi Osaka-fu v 571 (JP) 

© Inventor Seima, Toshiaki 
82-3, Bakuromachi-3-chome 
Yonago-shi(JP) 
Inventor Yamamoto, Susumu 
25-7, Kosobecho-1-chome 
TakatsuW-shl(JP) 
Inventor Nakano, Hlromltsu 
4-2, Korigaoka-11-chome 
Hlrakata-shi(JP) 



© Representative: Smith, Norman Ian et al 
F.J. CLEVELAND & COMPANY 40-43 
Chancery Lane 
London WC2A 1 JQ(GB) 



© System for driving a brushless motor. 

<£> A system for driving a brushless motor comprises motor drive coils (1 to 3) belonging to a plurality of 
phases respectively, a plurality of pairs of drive transistors (10 - 15) connected to the drive coi Is respect ,yely a 
distribution circuit (70) for sequentially distributing drive-coil energization switch.ng signals to the plural dnve 
transistors respectively, a slope synthesizer (60) for smoothing leading and trailing slope portions of the drive- 
coil energization switching signals so as to apply the smoothed energization switching signals to the dnve 
transistors respectively through the distribution circuit a voltage-controlled oscillator (40) for^ supplying a signal 
having a suitable frequency as an input to the slope synthesizer, a phase error detector (20) for detecting the 
phase difference between counter-electromotive voltages induced in the drive coils and the dnve-co.l ener- 
gization switching signals in a drive-coil energization pause period, and an error amplifier (30) for amplifying the 
Output signal of the phase error detector and applying the amplified phase error signal as an input to the voltage- 

OJ controlled oscillator. 
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SYSTEM FOR DRIVING A BRUSHLESS MOTOR 



BACKGROUND OF THE INVENTION 



FIELD OF THE INVENTION 

5 This invention relates to a system for driving a brushless motor without the use of a rotor position 
detector such as a Hall element which detects the position of the rotor of the motor. 



ro DESCRIPTION OF THE PRIOR ART 

Among various kinds of drive motors, a brushless motor has recently been most frequently employed, 
because the brushless motor has various advantages including a long useful service life, a high reliability 
and a decreased size and shape. However, a rotor position detector such as a Hall element is commonly 
75 required for detecting the position of the rotor of the brushless motor, and a so-called commutation 
sensorless brushless motor which does not require such a rotor position detector has been demanded for 
the purpose of further decreasing the cost size, etc. of the brushless motor. 

A prior art system for driving such a brushless motor is disclosed in, for example. JP-A-52-80415. 
The prior art brushless motor drive system disclosed in the publication . cited above will now be 
20 described with reference to Fig. 13 which is a circuit diagram of the prior art drive system. 

Referring to Fig. 13, drive coils 1, 2 and 3 are common-connected at one end thereof. The drive coil 1 
connected at the other end thereof to the anode of a diode 4, to the cathode of a diode 5 and to the 
collectors of drive transistors 10 and 13. The drive coil 2 is connected at the other end thereof to the anode 
of a diode 6, to the cathode of a diode 7 and to the collectors of drive transistors 1 1 and 14. The drive coil 
25 3 is connected at the other end thereof to the anode of a diode 8, to the cathode of a diode 9 and to the 
collectors of drive transistors 12 and 15. The cathodes of the diodes 4, 6. 8 and the emitters of the drive 
transistors 10. 11, 12 are connected to a positive power supply line connected to V*., the anodes of the 
diodes 5. 7, 9 and the emitters of the drive transistors 13. 14, 15 are grounded. The drive coils 1, 2 and 3 
are also connected at the other end thereof to a filter circuit 16, and output signals Fi , F 2 and F 3 of the filter 
ao circuit 16 are applied to an energization switching circuit 17. Output signals U H , V H . W H , U Ll V L and W L of 
the energization switching circuit 17 are applied to the bases of the drive transistors 10 to 15 respectively. 

The operation of the prior art brushless motor drive system having the construction described above will 
now be described with reference to Fig. 14. 

In Fig. 14. symbols Uo. V G and W Q designate waveforms of energization signals supplied to the drive 
35 coils 1, 2 and*3 respectively. These energization signal waveforms U 0 , V 0 and W 0 are supplied to the filter 
circuit 16 which removes higher harmonics from these waveforms and acts to delay their phases by 90 
relative to each other, so that the respective output signals Fi. F 2 and F 3 having waveforms as shown 
appear from the filter circuit 16. This filter circuit 16 is a primary filter such as. for example, an RC passive 
filter or a primary Miller integration circuit and its cut-off frequency is set to be sufficiently low as compared 
40 to that of the drive-coil energization signal waveforms. The output signals Fi, F 2 and F 3 of the filter circuit 
16 are converted into the signal waveforms U H , U L , V„, V Lj W H and W L by logical processing in the 
energization switching circuit 17, and these signal waveforms U H . U v , V Mt V L( W H and W L are used for 
switching the drive transistors 10 to 15. In this case, the switching operation of these drive transistors 10 to 
15 is such that the motor drive torque is always produced in one direction only thereby rotating the 
45 brushless motor in that direction. 

However, in the prior art drive system described above, the filter circuit 16 is required to have low-range 
cut-off frequency characteristics for the individual phases of the drive coils 1 to 3. Therefore, many 
capacitors having large capacity are required. 

Also when the drive coils have large inductance, there is a tendency of occurrence of so-called 
so armature reaction in which, after the drive transistors 10 to 15 are turned on. energization currents for 
energizing the drive coils 1 to 3 are supplied with a delay time. 

In such a case, it is known that the efficiency is lowered when the drive coils 1 to 3 are energized with 
the timing shown in Fig. 14. With a view to improving the lowered efficiency described above, JP-A-52- 
80415 cited already proposes a method in which the phases of the output signals Fi. F 2 and F 3 of the filter 
circuit 16 are somewhat advanced so as to operate the drive transistors 10 to 15 with such advanced 
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phases thereby compensating the delayed energization attributable to the armature reaction. However, parts 
including additional capacitors are further required so as to effect such compensation. Further, because the 
drive-coil energization signal waveforms U 0 . V 0 and W 0 include spike noise generated at the turned-off time 
of each of the drive transistors 10 to 15 in addition to current variations due to power supply voltage 
s variations and load variations, it is frequently difficult to accurately derive the energization switching signals 
U H to W L from the drive-coil energization signal waveforms U 0 . V Q and W 0 by the use of the filter circuit 16. 
With a view to dealing with such a difficulty, a method as disclosed in Japanese Patent Publication No. 59- 
36519 was proposed. 

However, the method of deriving the energization switching signals from the drive-coil energization 

io signaJ waveforms by the use of the filter circuit has basically a problem as pointed out now. That is, a 
voltage drop due to the supply of the energization currents during energization of the drive coils and a 
voltage drop due to the internal impedance of the drive coils, as well as spike noise generated immediately 
after cessation of the drive-coil energization, are superposed on the fundamental wave (the counter- 
electromotive voltage) of the drive-coil energization signaJ waveforms, and these factors incessantly 

is fluctuate with power supply voltage variations and load variations. Therefore, when the drive-coil ener- 
gization signal waveforms are filtered to obtain the energization switching signals, there occurs an error 
attributable to the above-described factors superposed on the fundamental wave (the counter-electromotive 
voltage) of the drive-coil energization signal waveforms while incessantly fluctuating, resulting in difficulty of 
accurate energization of the drive coils. 

20 Various methods have hitherto been proposed so as to solve the problem pointed out above thereby 
providing energization switching signals that can effect accurate energization of the drive coils. These prior 
art methods are basically such that the filter circuit and associated parts are suitably adjusted so as to 
maintain a fixed phase difference between the counter- electromotive voltages induced in the drive coils 
and the energization switching signals. However, this adjustment is very troublesome and time-consuming. 

25 Further, many capacitors are additionally required besides those constituting the filter circuit Therefore, 
when it is desired to use the filter circuit and associated parts to form an integrated circuit, an increased 
number of externally' mounted parts and pins are required, resulting in an expensive IC. On the other hand, 
JP-A-6 1-2931 91 describes a method in which the filter circuit is eliminated, and a micro-computer is used 
for digital processing so as to provide the desired energization switching signals. However, the disclosed 

30 arrangement is also expensive. 

It will thus be seen that, in the prior art. brushless motor drive systems, energization switching signals 
having a fixed phase relative to the position of the rotor of the motor are derived by a filter circuit from 
drive-coil energization signal waveforms, and such energization switching signals are utilized to succes- 
sively energize the drive coils. Therefore, it is difficult to produce accurate energization switching signals 

35 due to adverse effects including spike noise contained in the drive-coil energization signal waveforms, a 
voltage drop across the drive coils due to flow of energization currents, fluctuations of those superposed 
factors due to power supply voltage variations and load variations, and armature reaction. Further, many 
capacitors having a large capacity are required to constitute the filter circuit This is disadvantageous from 
the aspect of costs especially when the filter circuit and its associated parts are used to form an IC. 

40 because an increased number of externally mounted parts and pins are required. 

Further, when the energization switching pulse signals are supplied so as to selectively energize the 
drive coils, noise (referred to hereinafter as electromagnetic noise) is generated due to attraction and 
repulsion between the rotor magnet and the stator coils. Thus, the prior art brushless motor drive systems 
had various problems as pointed out hereinbefore. 

45 

SUMMARY OF THE INVENTION 

With a view to solving the prior art problems described above, it is an object of the present invention to 
so provide a novel system for driving a brushless motor, in which energization switching signals for switching 
over energization of drive coils of the motor are produced without the use of a filter circuit thereby 
eliminating many large-capacity capacitors required hitherto to constitute the filter circuit and, at the same 
time, obviating an adverse effect attributable to spike noise contained in drive-coil energization signal 
waveforms, an adverse effect attributable to power supply voltage variations and load variations, as well as 
55 an adverse effect attributable to armature reaction, and in which drive transistors are sequentially smoothly 
turned on and off, thereby capable of driving the motor at a minimized level of electromagnetic noise. 

In accordance with the present invention, there is provided a system for driving a brushless motor 
comprising motor drive coils belonging to a plurality of phases respectively, a plurality of pairs of drive 
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transistors connected to the drive coils respectively, a distribution circuit sequentially distributing drive-coil 
energization switching signals to the plural drive transistors respectively, a slope synthesizer for smoothing 
reading and trailing slope portions of the drive-coil energization switching signals so as to apply the 
Z££JZm*%JL switching signals to the drive transistors respectively through the d.stnbution crcu.t. 
a voltage-controlled osciilator for applying a signal having a suitable frequency as an input o the stope 
synthesizer, and a phase error detector for detecting the phase difference between 
Stages induced in the drive coils and the drive-coil energization sw,tch,ng signals in a dnve-coH 
energization pause period, the phase error detector applying its output signal as an input to the voltage- 

bSXEi motor drive system of the present invention having the above-described construction 
the phase difference between the counter-electromotive voltages induced in the motor dnve co* , an d the 
drive-coil energization switching signals is detected so as to control the energization sw,tch,ng s.gnals 
ETa trapezoidal waveform synthesized according to the detected phase difference. In o*er words a 
feSck loop, that is. a phase-locked control loop (PLL loop) is provided so that the energization switching 
s^nSThaving the trapezoidal waveform can maintain a fixed relationship with respect to the position and 
Son s^eeS of theTtor of the brushless motor. Accordingly, the present invention obviates all of vanous 
X * disadvantages attributable to the presence of the filter circuit required hitherto^Further. even when 
me rotttJon speed of the brushless motor changes, there occurs no change in the electrical angle of tte 
slope portions of the energization switching signals having the trapezoidal waveform. That is. when the 
roion speed of the brushless motor is .ow. the slope portions have a moderate angle or gradient and Mast 
or a relatively long period of time. while when the motor rotation speed .s high the slope portions have a 
Seep angle or gradient and last for a relatively short period of time. Since thus the angle or gradient of the 
Ttope portions is controlled according to the rotation speed of the motor, minimized electromagnetic no.se is 
generated until the motor rotates at its steady rotation speed after it is started. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is an overall block circuit diagram showing the construction of a preferred embodiment of the 
30 brushless motor drive system according to the present invention. 

Rq 2 illustrates the basic principle of the operation of the drive system shown in Fig. 1 . 

Fig! 3 is a circuit diagram showing the detailed structure of the phase error detector shown in Fig. 1. 

Pig 4 illustrates the operation of the phase error detector shown in Fig. 3. 
. Fig. 5 is a circuit diagram showing the detailed structures of the voltage-controlled osollator and the 
as lowest frequency setting circuit shown in Ftg. 1 . .. . » c 

Fig 6 is a circuit diagram showing the detailed structure of the slope generating circurt shown in Fig. 

1 ' Fig. 7 is a circuit diagram showing the detailed structure of the slope synthesizing circuit shown in 

F ' 9 ' 1 >.g. 8 illustrates the operation of the combination of the slope generating circuit and the slope 
synthesizing circuit shown in Figs. 6 and 7 respectively. . 

Fig. 9 shows the phase relation between the input signals applied to the slope synthes.zing circuit 

shown in Fig. 7. ^ <aagnm showing the detailed structure of the distribution circuit shown in Fig. 1. 
Fig 1 1 is a partial equivalent circuit diagram of the distribution circuit shown .n F.g. 10. 
Fig. 12 illustrates the operation of the distribution circuit shown in Figs. 10 and 11 . 
Fig. 13 is a block circuit diagram showing the construction of a prior art brushless motor dnve 

system. . _ 

Fig. 14 illustrates the operation of the prior art drive system shown in Fig. id. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Preferred embodiments of the brushless motor drive system according to the present invention will now 

be described in detail with reference to Figs. 1 to 12. M -~-~* th«» 

Rq 1 is an overall block circuit diagram showing the construction of a preferred embedment of the 
brushless motor drive system according to the present invention. In Fig. 1. like reference numerals are used 
^ desSate Tke functional parts appearing in Fig. 13 showing a prior art brush.ess motor dnve system so 

as to dispense with repeated description of such parts. 
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Referring to Rg. 1. drive transistors 10. 11 and 12 are connected at their bases to respective output 
terminals of a first amplifier 71, and drive transistors 13, 14 and 15 are also connected at their bases to 
respective output terminals of a second amplifier 72. The first and second amplifiers 71 and 72 are 
connected at their input terminals to respective output terminals of a distribution circuit 70, and the 

s distribution circuit 70 is connected at its input terminals to respective output terminals of a slope 
synthesizing circuit 63 and to those of a speed error amplifier 80. A torque command voltage ET is 
externally applied to a non-inverting input terminal of the speed error amplifier 80. The speed error amplifier 
80 is connected in common at its inverting input terminal to the emitters of the drive transistors 13 to 15 
and to one terminal of a resistor 81 which is grounded at its other terminal. The slope synthesizing circuit 

to 63 is connected at its input terminals to respective output terminals of a logic circuit 61 and to those of a 
slope generating circuit 62. The slope generating circuit 62 is connected at its input terminals to an output A 
of the logic circuit 61 and to an output Ib of a voltage-controlled oscillator 40. The logic circuit 61 is 
connected at its input terminal to an output f of the voltage-controlled oscillator 40. The combination of the 
slope synthesizing circuit 63, the slope generating circuit 62 and the logic circuit 61 constitutes a slope 

rs synthesizer 60. 

The voltage-controlled oscillator 40 is connected at its input terminals to an output of a lowest 
frequency setting circuit 50 and to an output EAO of an operational amplifier 31 . A series circuit consisting 
of a resistor 33 and a capacitor 34 is connected together with another capacitor 35 between an inverting 
input terminal and an output terminal of the operational amplifier 31. A predetermined bias voltage is 
20 applied by resistors 36 and 37 to a non-inverting input terminal of the operational, amplifier 31 , and the 
inverting input terminal of the operational amplifier 31 is connected through a resistor 32 to an output PD of 
a comparator 27. The combination of the components 31 to 37 described above constitutes an error 
amplifier 30. 

Energization voltage signals Uo, V 0 appearing at one side ends of drive coils 1, 2 and 3, respectively, 
25 are supplied to input terminals of buffer circuits 21 , 22 and 23 respectively. Output signals U Bi V B and W B 
of these buffer circuits 21 . 22 and 23 are connected to respective input terminals of a comparator 27 and 
are also applied to a common connection point N B through respective resistors 24, 25 and 26. The common 
connection point N B is connected to the other input terminal of the comparator 27. 

The operation of the brushless motor drive system having the above-described construction will now be 
30 described in detail. 

Rg. 2 illustrates the basic principle of the operation of the brushless motor drive system of the present 
invention. That is, Rg. 2 shows the relation between the phase of a counter-electromotive voltage waveform 
induced in one of the drive coils and that of the energization signal waveform supplied to that drive coil. Rg. 
2(a) shows that the relation between the phase of the counter-electromotive voltage waveform indicated by 

35 the broken curve and that of the drive-coil energization signal waveform indicated by the solid curve is 
optimum. On the other hand, Rgs. 2(b) and 2(c) show that the phases of these two waveforms deviate from 
each other by a phase angle that is, the phase relation is not optimum. 

Referring to Rg. 1 again, the output signal f of the voltage-controlled oscillator 40 is transmitted to the 
drive coils 1 to 3 through the slope synthesizer 60, the distribution circuit 70 and the drive transistors 10 to 

40 1 5. Therefore, there is a fixed phase relation between the waveform of the output signal f of the voltage- 
controlled oscillator 40 and the energization signal waveforms supplied to the drive coils 1 to 3. Thus, by 
suitably controlling the oscillation frequency and phase of the waveform of the output signal f of the voltage- 
controlled oscillator 40, the phase difference between the counter-electromotive voltage waveforms induced 
in the drive coils 1 to 3 and the drive-coil energization signal waveforms can be controlled. Therefore, when 

45 the phase difference represented by the phase angle $ occurs between the drive-coil counter-electromotive 
voltage waveform and the drive-coil energization signal waveform as shown in Rg. 2(b) or 2(c), that phase 
error is detected by the phase error detector 20 and amplified by the error amplifier 30. Thus, by the 
provision of the phase control loop for controlling the oscillation frequency and phase of the output signal f 
of the voltage-controlled oscillator 40 thereby cancelling the phase error the state of optimized 

so energization as shown in Rg. 2(a) can be assured, and the brushless motor can be driven under the 
optimum condition. 

Rg. 3 shows, for example, a preferred practical structure of the phase error detector 20. In Rg. 3, the 
same reference numerals are used to designate the same functional parts appearing in Rg. 1 . 

Referring to Rg. 3, the energization signal waveforms U 0 , V 0 and W Q at respective one ends of the drive 
55 coils 1, 2 and 3 are also supplied to the buffer circuits 21, 22 and 23 respectively. Output terminals 
generating the output signals U 8 , V B and W B from the buffer circuits 21 , 22 and 23 are common-connected 
at the point N Q through the resistors 24, 25 and 26 respectively. The common connection point N B is 
connected to inverting input terminals of comparison circuits 100. 120 and 140 and also to non-inverting 

5 



EP0 363 169 A2 

input terminals of comparison circuits 110. 130 and 150. The output signal U B of the buffer circuit 21 is 
connected to the non-inverting input terminal of the comparison circuit 100 and to the inverting input 
terminal of the comparison circuit 110. The output signal V 9 of the buffer circuit 22 is connected to the non- 
inverting input terminal of the comparison circuit 120 and to the inverting input terminal of the comparison 

5 circuit 130. The output signal W B of the buffer circuit 23 is connected to the non-inverting input terminal of 
the comparison circuit 140 and to the inverting input terminal of the comparison circuit 150. 

Output signals of the comparison circuits 100, 110, 120. 130, 140 and 150 appear as open-collector 
. output signals of transistors 101, 111, 121, 131, 141 and 151 respectively, and these transistors 101. 111. 
121, 131, 141 and 151 are common-connected at their collectors to the collector of a transistor 161 to 

70 provide the output signal PD of the phase error detector 20. The transistor 161 is connected at its base to 
the base and collector of a transistor 162. The transistor 161 is also connected at its base to the collector of 
a transistor 164 and to the collector of a transistor 169 acting as a constant current source. A stabilized or 
regulated power supply voltage V^g is applied through a resistor 163 to the emitter of the transistor 162 and 
is also applied directly to the emitters of the transistors 161 and 164, The'transistor 164 is connected at its 

is base* to its emiter through a resistor 166 and also to the collector of a transistor 167 through a resistor 165. 
The transistor 167 is grounded at its emitter. The logic circuit' 61 has an output terminal So which is 
connected to the base of the transistor 167 through a resistor 168. The logic circuit 61 has other output 
terminals Si, S2. Sa S*. Ss and S 6 which are connected through resistors 171, 173, 175, 177, 179 and 181 
to the bases of transistors 170, 172, 174. 176, 178 and 180 respectively. These transistors 170, 172, 174. 

20 176, 178 and 180 are grounded at their emitters and are connected at their collectors to the bases of the 
transistors 101, 111. 121, 131. 141 and 151 respectively. 

The operation of the phase error detector 20 having the above-described structure will now be 
described with reference to Fig. 4. 

Fig. 4, which illustrates the operation of the phase error detector 20, shows how to detect a phase error 

25 between a counter-electromotive voltage U. induced in the drive coil 1 and the drive-coil energization signal 
waveform U 0 . 

Referring to Figs. 1. 3 and 4, the drive coil 1 is energized under the command of signals U H and U L 
which are synchronized with the output signal f of the voltage-controlled oscillator 40. Therefore, the period 
of time in which both of these signals U H and U L are not generated is an energization pause period, and, 

30 during this period, the drive-coil energization signal waveform U 0 coincides with the waveform of the 
counter-electromotive voltage U e . In Fig. 4, this energization pause period ranges from the time at which the 
signal U H is turned into Its low level to the time at which the signal U L starts to rise to its high level, and the 
length of this energization pause period corresponds to the two clock periods of the output signal f of the 
voltage-controlled oscillator 40. Such an energization pause period also exists between the time at which 

as the signal U L is turned into its low level and the time at which the signal U H starts to rise to its high level. 
However, for the purpose of simplifying the description, the former pause period will only be considered 
herein. 

Now, a neutral voltage N 0 of the drive coil 1 in the energization pause period will be compared with the 
drive-coil energization signal waveform U e . When the phase difference <fr between the drive-coil energization 

40 signal waveform U Q and the counter-electromotive voltage U ft induced in the drive coil 1 is zero, the neutral 
voltage N 0 coincides with the signal waveform U Q at the middle of the energization pause period, that is, at 
the time later by the one clock period of the signal f after the signal U H is turned into its low level. Further, 
when the phase of the signal waveform U c lags that of the neutral voltage N Q to provide the phase 
difference $ therebetween, the voltage N 0 coincides with the signal waveform U Q at the time earlier by the 

45 one clock period of the signal f after the signal U H is turned into its low level. On the other hand, when the 
phase of the signal waveform U 0 leads that of the voltage U e to provide the phase difference * 
therebetween,. the voltage N 0 coincides with the signal waveform U 0 at the time later by the one clock 
period of the signal f after the signal U L is turned into its low level. Accordingly, the relation between the 
phase of the signal waveform U d and that of the voltage U e can be determined by comparing the voltage N Q 

50 with the signal waveform U 0 at the time later by the one clock period of the signal f after the signal U H is 
turned into its low level. 

Therefore, a preferred method for detecting the phase difference * includes generating a phase error 
detection pulse signal S UL having a suitable pulse width on the basis of the time later by the one clock 
period of the signal f after the signal U H is turned into its low level, and comparing the voltage N 0 with the 
55 signal waveform U 0 only when the signal Sul is generated. Thus, a comparator output signal PD UL having a 
duty factor corresponding to the detected phase difference * can be obtained. Fig. 4 shows the case where 
the signal S UL appears during a ±1/2 clock period of the signal f on the basis of the time later by the one 
clock period of the signal f after the signal U H is turned into its low level, and the phase of the signal 
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waveform U c leads that of the voltage U e to provide the phase difference * therebetween. 

The above description refers to the basic principle of the present invention in which the energization 
pause period ranging between the time of turning the signal U H into its low level and the time of turning the 
signal U L into its high level is utilized to detect the phase difference + between the energization signal 

s waveform U 0 supplied to the drive coil 1 and the counter-electromotive voltage U e induced in the drive coil 
1 However, the phase difference * between the signal waveform U e and the voltage U e can be similarly 
detected utilizing the other energization pause period, that is, the period ranging between the time of turning 
the signal U L into its low level and the time of turning the signal U H into its high level. It is also apparent that 
the above phase difference * can be similarly detected for each of the energization signal waveforms V G 

jo and W 0 supplied to the other drive coils 2 and 3 respectively. In the illustrated embodiment, all of the 
comparator output signals PDu. are combined or added together to provide the output signal PD of the 
phase error detector 20, 

Fig. 5 shows, for example, preferred practical structures of the voltage-controlled oscillator 40 and the 
lowest frequency setting circuit 50. 
is Referring to Fig. 5. the output terminal of the error amplifier 30 generating the output signal EAO is 
connected to one input terminal of a differential amplifier 191 through a resistor 190 and also to the emitter 
of a transistor 192. A voltage dividing circuit consisting of resistors 193 and 194 is connected between a 
regulated voltage supply line and ground, and the voltage dividing point of the voltage dividing circuit is 
connected to the other input terminal of the differential amplifier 191. The error between the two inputs to 
so the differential amplifier 191 is amplified to be applied to the base of the transistor 192. The transistor 192 
is connected at its collector to the collector and base of a transistor 195. The transistor 195 is common- 
connected at its base to the bases of transistors 196 and 197 so as to generate the output signal I* Also, 
these transistors 195. 196 and 197 and grounded at their emitters to constitute a current mirror circuit. 
Transistors 198 and 199 having their emitters connected to the regulated voltage supply line are common- 
25 connected at their bases, and these bases are connected to the collector of the transistor 198 and to the 
collector of the transistor 196 respectively. The transistor 199 is connected at its collector to the collector of 
the transistor 197 and also to one input terminal of a comparator 200. A capacitor 201 is connected 
between ground and the said one input terminal of the comparator 200. The comparator 200 includes an 
output transistor 202. and a resistor 203 is connected between the collector of the output transistor 202 and 
so the other input terminal of the comparator 200. The terminal of the resistor 203 on the side of the other 
input terminal of the comparator 200 is connected through a resistor 204 to a bias voltage source 205. The 
output transistor 202 is connected at its collector to the collector of a transistor 208 supplying a constant 
current and also to the base of a transistor 207 through a resistor 206. The transistor 207 is connected at its 
emitter to the regulated voltage supply line, at its base to its emitter through a resistor 210. and at its 
as elector to the common connection point between the bases of the transistors 198 and 199. 

The bias voltage of the bias voltage source 205 is divided by a voltage dividing circuit consisting of 
resistors 212 and 213. and the voltage dividing point of the voltage dividing circuit is connected to one input 
terminal of a differential amplifier 211. The differential amplifier 211 includes an output transistor 215 whose 
emitter is grounded through a resistor 214 and connected to the other input terminal of the differential 
40 amplifier 211. The output transistor 215 has a murticol lector configuration and is connected at 1/4 of its 
multiple collectors to the base of a transistor 218 having a grounded collector and also to the collector of a 
transistor 216. The transistor 216 is connected at its base to the base of a transistor 217 and also to the 
emitter of the transistor 218. The transistors 216 and 217 are connected at their emitters to the regulated 
voltage supply line. The transistor 217 is connected at its collector to the collector of the transistor 192. 
45 The operation of the voltage-controlled oscillator 40 and the lowest frequency setting circuit 50 having 
the above-described structures will now be described. 

In the error amplifier 30 shown in Fig. 1, the voltage dividing circuit consisting of the resistors 36 and 37 
is connected between ground and the regulated voltage supply line supplying the voltage V reg . Suppose 
now that these two resistors 36 and 37 have the same resistance value. In such a case, the voltage value of 
so the output signal EAO appearing from the error amplifier 30 immediately after the main power supply switch 
is turned on is equal to V reg /2. Suppose further that the resistors 193 and 194 connected to one of the input 
terminals of the differential amplifier 191 in the voltage-controlled oscillator 40 shown in Rg. 5 have the 
same resistance value. In this case, the value of the voltage applied to this input terminal of the differential 
amplifier 191 is equal to Accordingly, the value of the voltage appearing at the connection point 

55 between the other input terminal of the differential amplifier 191 and the emitter of the transistor 192 is also 
equal to V reg /2. Therefore, no voltage drop occurs across the resistor 190 immediately after the main power 
supply switch is turned on. That is, no direct current is supplied to the transistor 192. 

The function of the lowest frequency setting circuit 50 will now be described. Suppose now that V 2 os is 
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the value of the bias voltage of the bias voltage source 205. and R 2 , 2 . R 2 ,3 and R 2 ,» are the resistance 
££rf L respective resistors 212. 213 and 214. Then, the value of the voltage applied to one input 
terminal nf the differential amplifier 21 1 is equal to 



terminal of the differential amplifier 211 is equal to 

5 R 213 . v 

R 212 +R 213 205 * 

Since the condition for imaginary short holds between the two input terminals of the differential amplifier 
10 2 1 the vaL of the voltage appearing at the connection point between the other input term.nal of the 
dWeren W amp.L 21 1 and" the emitter of the transistor 215 is equal to the value of the votege applied to 
Z sTd I one input terminal of the differential amplifier 21 1 . That is. this voltage value ,s also equal to 

15 p R ?r 3 * V 205' 

R 212 +R 213 



20 



25 



Therefore, the value of the emitter current of the transistor 215 is given by 

R 213 

R 214 (R 212 +R 213 ) " V205 " 

Because of the provision of the transistor 215 having the ™rc<*«^ confi 9^ 
current mirror circuit composed of the transistors 216 and 217. a current value which ,s 1/12 of the em.tter 
current of the transistor 215. that is. a collector current I 2 17 having a value given by 

30 R 21 3 . yj 

12.R 214 (R 212 +R 213) 205 

is supplied from the transistor 217 to the vortage-controlled oscillator 40 to set the lowest frequency of the 

35 vo.tage-control.ed oscillator 40 wil, now be explain^ 

Whence Capacitor 201 connected between ground and one of the input terminals of *e comparator 200 is 
not charged transistor 220 is in its on state, while a transistor 221 is in its off state £i£rfltort»» 
condition the output transistor 202 of the comparator 200 is turned off thereby turning off the transistor 207^ 
<° S a resuli the current mirror circuit composed of the transistors 198 and 199 operates^ Also, the current 
mUr a^uit composed of the transistors 195. 196 and 197 operates on the basis of the current flow ng 
- Z^h the transistor 195. Accordingly, the capacitor 201 is charged by the ^eTitter 
coLtor current of the transistor 199 and the collector current of the transistor 197. When the emitter- 
collector saturation voltage of the transistor 208 is ignored, a voltage Vj given by 



45 



50 



SS 



V J - V 205 



R 204 . (V - V 2Q5 ) 
R 203 +R 204 re9 205 



is applied to the other input terminal of the comparator 200 at this time. In the above expression. V,^ is the 
voltage supplied by the regulated power supply line, and R 203 and R 20 * are the res>stance values of the 

teS Z?Z T ^Z™^Z™*W charged until the termina. voltage of the capacitor 201 . that is. the 
voltaqe^op^ to ie said one input terminal of the comparator 200 becomes higher than the voltage V* 
m?outpr^siSor 220 is turned off thereby turning on the transistor 221 1 . As ^"J^ 
turned on thereby turning on the transistor 207. and the current mirror orcuit composed of the transistors 
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198 and 199 is turned off. Therefore, discharge of the capacitor 201 is started by the collector current of the 
transistor 197. When the emitter-collector saturation voltage of the transistor 202 is ignored, a voltage Vj 
given by 



70 



75 



25 



30 



35 



40 



45 



50 



203 

V = 



J R 203 +R 204 



V 205 



is applied to the other input terminal of the comparator 200. 

As the capacitor 201 is progressively discharged until the terminal vortage of the capacitor 201. that is. 
the voltage applied to the said one input terminal of the comparator 200 becomes lower than the voltage Vj, 
the output transistor 202 of the comparator 200 is now turned on, and charging of the capacitor 201 is 
started again. In the manner described above, the capacitor 201*is repeatedly charged and discharged, and 
an oscillation output waveform having a frequency corresponding to the repeated charge-discharge dycles 
is generated from the collector of the output transistor 202 of the comparator 200. 

Because the magnitude of the voltages Vj is constant the oscillation frequency of the voltage-controlled 
oscillator 40 is determined by the value of the charge-discharge current of the capacitor 201. That is, when 
the value of the capacitor charge-discharge current is large, the terminal voltage of the capacitor 201 
sharply rises and falls resulting in a high oscillation frequency, while when the value of the capacitor 
charge-discharge current is small, the oscillation frequency is low. The value of this capacitor charge- 
discharge current is determined by the value of the current supplied to the transistor 195. This value of the 
current supplied to the transistor 195 is the sum of the value of the collector current I 2 i7 of the output 
transistor 217 in the lowest frequency setting circuit 50 and the value of the collector current li 92 of the 
output transistor 192 of the differential amplifier 191 in the voltage-controlled oscillator 40. 

As described already, the value of the collector current I192 of the output transistor 192 is zero 
immediately after the main power supply switch is turned on. At this time, the value of the current supplied 
to the transistor 195 is equal to the value of the current I217 supplied from the lowest frequency setting 
circuit 50. Therefore, the voltage-controlled oscillator 40 starts to oscillate at the lowest oscillation frequency 
determined by the current I217 supplied from the lowest frequency setting circuit 50. By suitably adjusting 
this lowest oscillation frequency so that the rotor of the brushless motor can sufficiently follow up the 
oscillator output signal, the brushless motor can be reliably started as a synchronous motor which operates 
in a relation synchronized with a frequency corresponding to the determined lowest oscillation frequency. 

The lowest oscillation frequency can be adjusted as .desired by making variable the resistance value of 
the resistor 214 thereby changing the value of the current I217. When the motor starts to rotate, a counter- 
electromotive vortage is induced in each of the drive colls 1 to 3 of the motor. The phase error detector 20 
shown in Fig. 1 detects, for each of the drive coils 1 to 3, the phase difference between the counter- 
electromotive voltage and the drive-coil energization switching signal during the drive-coil energization 
pause period, and the error amplifier 30 generates, as its output signal EAO, a d.c. voltage corresponding to 
the composite phase difference detected by the phase error detector 20. The d.c. voltage is applied to one 
of the terminals of the resistor 190. while the other terminal of the resistor 190 is maintained at the voltage 
level of V reg /2, as described already. As a result, a current having a value corresponding to the voltage 
difference between the two terminals of the resistor 190 is supplied to the transistor 192. Therefore, the 
current having the value representing the sum of the value of the current I217 supplied from the lowest 
frequency setting circuit 50 and that of the collector current I192 of the transistor 192 is supplied to the 
transistor 195, thereby increasing the oscillation frequency of the voltage-controlled oscillator 40. Thus, in 
response to the detected composite phase difference between the counter- electromotive voltages induced 
in the drive coils 1 to 3 and the drive-coil energization switching signals, the level of the output signal EAO 
of the error amplifier 30 is incessantly changed so as to control the oscillation frequency of the voltage- 
controlled oscillator 40. 

Fig. 6 shows, for example, a preferred practical structure of the slope generating circuit 62. In Fig. 6, 
the voltage-controlled oscillator 40 and the logic circuit 61 are also shown. 

Referring to Fig. 6. the output terminal of the voltage-controlled oscillator 40 generating the output 
signal l B is connected to the base of a transistor 230 which is grounded at its emitter. The output terminal of 
the logic circuit 61 generating the output signal A is connected to the base of a transistor 231 which is 
grounded at its emitter. The base of transistors 232. 233, 234 and the collector of the transistor 232 are 
common-connected and connected also to the collector of the transistor 230. The transistors 232. 233 and 
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234 are connected at their emitters to the power supply terminal supplying the voltage V^. The collector of 
the transistor 235 is common-connected to the bases of the transistor 235 and a transistor 236 and 
connected also to the collectors of the transistors 231 and 233. The emitter of the transfer 236 has an 
area four times as wide as that of the emitter of the transistor 235 and is grounded. The *an S .stor 236 rs 
connected at its collector to the collector of the transistor 234 and also to one input terminal of a d.fferent.al 
amplifier 240. The collector of the transistor 236 is grounded through a capacitor 237. 

The differential amplifier 240 includes an output transistor 241 whose emitter is grounded through a 
resistor 242. The collector and base of a transistor 246 are common-connected to the bases of t™**" 
247 and 248 and connected also to the collector of the output trans.stor 241 of the differential amplifier 240. 
The transistors 246. 247 and 248 are connected at their emitters to the power supply terminal V cc trough 
resistors 243. 244 and 245 respectively. Transistors 249 and 250 are grounded at their emitters through 
resistors 251 and 252 respectively. The bases of these transistors 249, 250 and the collector of the 
ttanStor 249 are common-connected, and the transistor 249 is connected at its collector to the collector of 
the transistor 247. The collectors of the transistors 248 and 250 act as output terminals of the slope 
generating circuit 62, and current outputs l SW2 and Isw, are generated from the collectors of these 

transistors 248 and 250 respectively. 

Fig, 7 shows, for example, a preferred practical structure of the slope synthesizing circuit 63. 
Referring to Fig. 7. the current outputs Iswi and Isw* of the slope generating circuit 62 are supplied to 
the slope synthesizing circuit 63. Transistors 270. 271. 272. 273. 274 and 275 are <" mmw ™™«*^* 
their emitters. Transistors 276. 277 and 278 common-connected at their emitters are connected through a 
constant current source 279 to the power supply terminal Vcc . The transistors 270. 271. 272. 273. 274. 275. 
276 277 and 278 are common-connected at their bases through diodes 260. 261. 262. 263. 264. 265. 266. 
267and 268 respectively, and these bases are connected through a diode 269 to the power supply terminal 
v!I further, the bases of these transistors 270. 271. 272. 273. 274. 275. 276. 277 and 278 are connected 
through resistors 280. 281. 282. 283. 284. 285. 286. 287 and 288. to the collectors of transistors 290. 291. 
292 293 294 295 296. 297 and 298 which are grounded at their emitters, respectively. Output signals 
NS1 PE1 NS2 PE2 NS3, PE3. N01. N02 and N03 of the logic circuit 61 shown in Fig. 1 are applied to 
the bases' of the transistors 290. 291. 292. 293. 294. 295. 296. 297 and 298 respectively. Transistors 300. 
301 302 303 304. 305. 306. 307. 308 and 309. .which are common-connected at their bases, are 
connected at tneir emitters to the power supply terminal The transistors 300. 301. 302. 303. 304. 305. 
306 307 and 308 are also common-connected at their collectors through diodes 320. 321. 322. 3<a. 
325* 326 327 and 328 respectively, and these collectors are then grounded through a single diode 329. 

The Iransistor 300 is connected at its collector to the base of the transistor 310 and to the collector of a 
transistor 330. Similarly, the transistor 301 is connected at its collector to the base of the transistor 311 and 
to the collector of a transistor 331. the transistor 302 is connected at its collector to the base of tte 
transistor 312 and to the collector of a transistor 332. the transistor 303 is connected at its collector to the 
base of the transistor 313 and to the collector of a transistor 333. the transistor 304 is connected at its 
collector to the base of the transistor 314 and to the collector of a transistor 334 the transistor 305 is 
connected at its collector to the base of the transistor 315 and to the collector of a transistor 335 tt» 
transistor 306 is connected at its collector to the base of the transistor 316 and to the collector of a 
transistor 336. the transistor 307 is connected at its collector to the base of the transistor 317 and to the 
collector of a transistor 337. and the transistor 308 is connected at its collector to the base of the transistor 
318 and to the collector of a transistor 338. . 

The transistors 330. 331. 332. 333. 334, 335. 336. 337 and 338 are grounded at their emitters, and 
output signals RET. PST. RET. P3T. NET, F3T. PoT\ POlTand PD3"of the logic circu.t 61 shown m 
fig? 1 are applied to their bases respectively. The transistors 270. 310 and 276 ar « comm h on ^°" nec ^ * 
their collectors to generate an output current l P , through a diode 340. The cathode of the diode 340 is 
connected through a diode 341 to the collectors of the transistors 271. 311 and 316 The transistors 27£ 

312 and 277 are common-connected at their collectors to generate an output current \ n through a diode 
343. The cathode of the diode 343 is connected through a diode 344 to the collectors of the transistors 273. 

313 and 317. Similarly, the transistors 274. 314 and 278 are common-connected at their collectors to 
generate an output current l P3 through a diode 345. The cathode of the diode 345 is connected through a 
diode 346 to the collectors of the transistors 275, 315 and 31 8. 

The transistors 276. 277 and 278 are common-connected at their emitters which are connected through 
the constant current source 279 to the power supply terminal V^. The transistors 316. 317 and I 31 8 are 
common-connected at their emitters which are grounded through a constant current source 289^ The 
transistor 309 is connected at its base to the emitter of the transistor 319 whose collector Is grounded. The 
transistor 309 is connected at its collector to the base of the transistor 319 which Is grounded at its base 
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through a constant current source 299. The current output Iswi of the slope generating circuit 62 shown in 
Figs. 1 and 6 is supplied to the emitters of the transistors 310 to 315. while the current output Isws of the 
slope generating circuit 62 is supplied to the emitters of the transistors 270 to 275. 

The operation of the slope generating circuit 62 and the slope synthesizing circuit 63 having the above- 
5 described structures will now be described. 

Fig. 8 illustrates the operation of the slope generating circuit 62 and the slope synthesizing circuit 63. 
That is, Rg. 8 shows operating waveforms appearing from various parts to generate the current outputs l P1 , 
Ire and Ip3 on the basis of which energization switching signals used for energizing the drive coils 1 to 3 are 
produced. 

io Referring to Rgs. 5 and'6 again, the transistor 230 constitutes the current mirro circuit together with the 
transistors 195. 196 and 197. A current equivalent to the charge-discharge current of the capacitor 201 
constituting the essential part of the voltage-controlled oscillator 40 flows out from the collector of the 
transistor 230. Thus, the same current also flows out from the collectors of the transistors 232, 233 and 234 
constituting the current mirror circuit 
rs When the output signal A of the logic circuit 61 is in its high level, the transistor 231 is turned on, while 
the transistors 235 and 236 are turned off. The capacitor 237 is charged with a current I237 (= hat), and 
the potential Vsw of the capacitor 237 increases gradually. Then, when the output signal A of the logic 
circuit 61 is turned into its low level, the transistor 231 is turned off. As a result, a current I233 is supplied to 
the transistor 235 constituting the current mirror circuit together with the transistor 236. while a current l 2 36 
20 four times as large as the current I233 is supplied to the transistor 236. Thus, the capacitor 237 is 
discharged with a discharge current which is erqual to the difference (fese-fesi). and the potential V$w 
decreases gradually. The differential amplifier 240 is a voltage follower in one sense, and, with the increase 
and decrease in the potential Vsw of the capacitor 237. the potential difference across the output resistor 
242 of the differential amplifier 240 changes accordingly. As a result, a corresponding output current Isw 
25 appears, and a current equivalent to the current Isw is supplied to the current mirror circuit composed of the 
transistors 246. 247 and 248 and to the current mirror circuit composed of the transistors 249 and 250. that 
is, an inflow current Iswt and an outflow current lsw2 appe ar from t he slo p e gen er ating circuit 62. 

Referring to Rgs. 7 and 8, the signals NS1 to NS3, HETto NET. F5T~to PS3~. PE1 to PE3. N01 to 
N03, and POTto F03~are required to synthesize the energization switching signals having the trapezoidal 
30 waveform. These signals are obtained by frequency division or logical processing of the output signal f of 
the voltage-controlled oscillator 40 by the logic circuit 61. 

First, in Rg. 7, when the signal NS1 is turned into its high level, the transistors 290 and 270 are turned 
on. and, in response to the supply of the current Iswa corresponding to the voltage Vsw. the output current 
l P1 is generated through the diode 340. Then, the signal N01 is turned into its high level thereby turning on 
35 the transistors 296 and 276. and the current I279 supplied from the constant current source 279 is added to 
the current l P1 through the diode 340. As soon as the signal N01 is turned into its high level, the current iswz 
corresponding to the voltage Vsw starts to decrease, and a horn-like projection is produced on the waveform 
of the current l P i as shown in Rg. 8. Then, before the voltage V sw starts t0 rise ' the *9 nal NS1 is turned 
into its low level thereby turning off the transistors 290 and 270, and only the current I275 is generated as 
40 the output current l P1 . 

Then, the signal NETls turned into its low level thereby turning off the transistor 330 and turning on the 
transistor 310. and the output current l P i (= I273) generated in response to the supply of the current Iswi 
corresponding to the voltage Vsw is gradually decreased until the valu e of the current l P1 becomes zero. 
Then, at the time when the signal NET~turns to high level, the signal FSTturns to low level, so that tine 
45 transistors 330 and 310 are turned on and off respectively. Also, the transistors 331 and 311 are turned off 
and on respectively, and. in response to the supply of the current l S wi corresponding to the voltage Vsw, th e 
current component of the output current i P i gradually increases in the inflowing direction. The signal P01 is 
then turned into its low level thereby turning off the transistor 336 and turning on the transistor 316, and the 
current bsa supplied from the constant current source 289 is added through the diode 341 to increase the 
50 current component of the output current l P1 in the inflowing direction. At the same time when the signal POT 
is turned into its low level, the current l SW i corresponding to the voltage Vsw starts to decrease, and a horn- 
like projection similar to that produced in the outflowing case is also produced on the waveform of the 
output current l P i. Before the voltage Vsw starts to rise, the signal PS1 is turned into its high level thereby 
turning on the transistor 331 and turning off the transistor 311. and only the current l 28 9 forms the output 
55 current l P1 . 

Then, the signal PE1 is turned into its high level thereby turning on the transistors 291 and 271 , and the 
output current I P , (~ Izas) generated through the diode 341 in response to the supply of the current Iswz 
corresponding to the voltage Vsw gradually decreases until the value of the current l P i becomes zero. Then. 
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the signal PE1 is turned into its low level thereby turning off the transistors 291 and 271 . and. at the same 
time, the signal NS1 is turned into its high level. Thereafter, the sequence described above .s repeated to 
provide the output current l P i of the slope synthesizing circuit 63. 

It is apparent that the output currents i n and »„ are similarly provided. ^ imani tha 

It will thus be seen that in the slope generating circuit 62 employed in the .llustrated embod.ment the 
output signal of the voltage-controlled oscillator 40 is used to form the triangular 

determine the timing of generation thereof, in the same way as the energization sw.tch.ng s,gnals wh.ch are 
SaseTon tSr^tput signal f of the voltage-controlled oscillator 40. Therefore, a venation « 
rotation speed is immediately followed by corresponding variations in the gradient and duration oi the slope 
Portions of the energization switching signal waveforms, so that the so-called slope control for proving 

ootimized slope portions can be achieved. 

Rg 9 shows the phase relation between the signals required for the slope synthes.zat.on accord.ng to 

the present invention. 

Rg 10 shows, for example, a preferred practical structure of the distribution circuit 70. 
Referring to Rg. 10. transistors 352. 354 and 356 are connected at their collectors to the power supply 
terminal vj while transistors 353. 355 and 357 are grounded at their collectors. The bases of all of these 
transistors 352 to 357 are common-connected, and a voltage dividing point of a voltage dividing circuit 
consisting of resistors 350 and 351 connected between Vce and ground is connected to the common 
connection point of the transistors 352 to 357. The transistors 352 and 353 are common-connected at their 
emitters to the bases of transistors 358 and 359 to which the output current Ip, of the stope <*"«™™« 
circuit 63 is supplied. The transistors 354 and 355 are common-connected at their emitters to the bases of 
transistors 360 and 361 to which the output current l re of the slope synthesizing circuit 63 is supptod. 
Similarly, the transistors 356 and 357 are common-connected at their emitters to the bases of transistors 
362 and 363 to which the output current l ra of the slope synthesizing circuit 63 is supplied. 

The transistors 358. 360 and 362 are common-connected at their emitters, and the output current l 01 of 
the speed error amplifier 80 is supplied to the common connection point of these transistors The collector 
outputs of these transistors 358. 360 and 362 are applied to the amplifier 72 to generate the mew»bon 
swrtching signals Uu V u and W L respectively. Also, the transistors 359. 361 and 363 are common-connected 
aTLr emitters, a^d *e output current fea of the speed error amplifier. 80 is supplied to 
connection point of these transistors. The collector outputs of these transistors 359. 361 and 363 are 
applied to the amplifier 71 to generate the energization switching signals U„. V H and Wh res P® ct,v f J* 
The operation of the distribution circuit 70 having the above-described structure will now be described 
As described already, the voltage dividing circuit consisting of the resistors 350 and 351 is connected 
between Vcc and ground. Suppose that these resistors 350 and 351 have the same resistance-value. JTien 
tneHSnmon connection point of the transistors 352 to 357 common-connected at their bases m\ biased by 
the voltage which is equaJ to V cc /2. The output currents l 0 , and l« of the speed error amplifier 80 a re such 
that errors between the currents of the drive coils 1 to 3 and the torque command S1 gnal ET are amplified to 
provide corresponding current signals. 

Ro. 11 is a partial equivalent circuit diagram of the distribution circuit 70 when the current outputs l P , 
and l„ of the slope synthesizing circuit 63 are source currents. Fig. 12 illustrates the operation o the 
distribution circuit 70 to show how the current outputs Ip, and Ip* (or !„) of the slope synthesizing crcu.t 63 

^R^ngTFig. 11. the relation of l 3S , = lo, holds when the value of Ip* is equal to zero and i the 
following equations (1) to (4) hold at the time of change-over between the current outputs l P , and l re of the 
45 slope synthesizing circuit 63: 



40 



so 



55 



12 



EP0 363 169 A2 

v KT I P1 (1) 

V BE353 = -inr^ 

KT r P2 
V BE355 = T in 4l — (2> 

V BE358 = ^^^i — (3) 

V n „, n = — (4) 

BE360 q Ig, 

75 

where V B E3S3, V BE3S s, Vbe358. Vbemo are the base-emitter potentials of the respective transistors 353, 355. 
358. 360. K is the Bottzmann's constant. T is the absolute temperature, q is the electron charges, and l S t. 
I<32 are saturation currents of the transistors 353, 355 and transistors 358, 360 respectively. Since V B63S3 - 
20 V B E355 = VB6358 - V B g3 6 o. the following equation (5) is derived from the equations (1), (2). (3) and (4): 

X P1 _ ^SB ___ {5) 



25 



*P2 I 360 



Also, the following equation (6) holds: 
I3S8 + I360 - Iqi (6) 

30 It can be seen from the equation (5) that when the current output l P i is gradually changed over to the 
current output Ip2, the current bss is also changed over to the current la6o at the same change-over rate as 
that between l P1 and lp2. It can also be seen from the equation (6) that, when the value of l P i becomes zero 
in Fig. 12 before a horn-like projection is produced on the waveform of lp 2 , the waveform of the energization 
switching signal U H is entirely free from any adverse effect attributable to the presence of the horn-like 

35 projection on the current waveform. The same applies also to the change-over between the phases other 
than that between l P i and Ip2- 

It will be seen from the above description of the preferred embodiment that the energization switching 
signals U H . V H , W H , Ul, V l and W L having the trapezoidal waveforms and having their slope portions 
synthesized on the basis of the output signal of the voltage-controlled oscillator 40 are used so as to 

40 energize the drive coils 1 to 3 of the brushless motor. The so-called phase control loop (PLL loop) is 
provided in which the phase difference between each of the drive-coii energization signal waveforms and 
the counter-electromotive voltage induced in each of the drive coils 1 to 3 is detected by the phase error 
detector 20, and the output signal of the phase error detector 20 is applied, after amplification, to the 
voltage-controlled oscillator 40 so as to control the oscillation frequency and phase of the output signal of 

45 the voltage-controlled oscillator 40 until the detected phase error is cancelled. Therefore, the brushless 
motor can be efficiently driven without being adversely affected by the armature reaction and at a 
minimized level of electromagnetic noise. Further, the filter circuit required hitherto need not be provided, 
and the number of large-capacity capacitors can be greatly decreased. Further, because the phase error is 
detected in the energization pause period, the system operation is free from the voltage drop attributable to 
, so the flow of energization current during the energization period and the impedance of the drive coils as well 
as power supply voltage variations and load variations. Furthermore, the width of the phase error detection 
output pulses generated during the energization pause period is fixed relative to the electrical angle or 
mechanical angle of the rotor of the motor, and the phase error depends only on the duty factor of the 
comparison output obtained by comparing the neutral voltage with the counter-electromotive voltage 

55 induced in each of the drive coils in the period in which the phase error detection output pulses are 
generated. Therefore, no change occurs in the phase error detection gain due to the rotation speed of the 
brushless motor, and the phase control loop can continuously stably operate. 

It will be understood from the foregoing detailed description of the present invention that the 
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energization switching signals having the trapezoidal waveform based on the output signal of the voltage- 
controlled oscillator are used so as to energize the drive coils of the brushless motor. The so-called phase 
control loop is provided in which the phase difference between each of the drive-coil energization signal 
waveforms and the counter-electromotive voltage induced in each of the drive coils is detected by the 
5 phase error detector, and, after amplification of the detected phase error signal by the error amplifier, the 
phase error signal is applied to the voltage-controlled oscillator so as to control the frequency and phase of 
the output signal of the voltage-controlled oscillator. Therefore, the filter circuit required hitherto need not be 
provided, and, therefore, the number of large-capacity capacitors can be greatly decreased. Further, the 
brushless motor can operate without the prior art problems including the voltage drop attributable to the 
to energization current flow and the impedance of the drive coils, power supply voltage variations and load 
variations, and the reduced efficiency due to the armature reaction. Further, the lowest frequency setting 
circuit is provided so that the oscillation frequency of the voltage-controlled oscillator can be set at its 
lowest oscillation frequency at the time immediately after the main power supply switch is turned on, and so 
that the rotating magnetic field having the velocity which can be easily followed up by the rotor of the motor 
rs can be produced. Therefore, the brushless motor can be reliably started, and, after starting, the slope 
portions of the energization switching signals used for energizing the drive coils can be suitably controlled, 
so that the motor can be efficiently driven at a minimized level of electromagnetic noise. Further, by using 
essential parts of the system to form integrated circuits which require a very small number of externally 
mounted parts, an inexpensive brushless motor drive system having very excellent operating characteristics 
20 can be realized. 

The aforementioned embodiment of the present invention has referred to the application of the present 
invention to a brushless motor drive system of a three-phase full-wave drive type. However, it is apparent 
that the present invention is similarly applicable to a brushless motor drive system of, for example, a three- 
phase half-wave drive type, a two-phase full-wave drive type or a two-phase half-wave drive type. 

25 

Claims 

1. A system for driving a brushless motor comprising: 

30 motor drive coils (1, 2. 3) belonging to a plurality of phases respectively; 

a plurality of pairs of drive transistors (10-15) connected to said drive coils respectively; 

a distribution circuit (70) for sequentially distributing drive-coil energization switching signals to said plural 

drive transistors respectively; 

a slope synthesizer (60) for smoothing leading and trailing slope portions of said drive-coil energization 
35 switching signals so as to apply the smoothed energization switching signals to said drive transistors 
respectively through said distribution circuit; 

a voltage-controlled oscillator (40) for supplying a signal having a suitable frequency as an input to said 
slope synthesizer; 

a phase error detector (20) for detecting the phase difference between counter-electromotive voltages 
40 induced in said drive coils and said drive-coil energization switching signals in a drive-coil energization 
pause period; and 

an error amplifier (30) for amplifying the output signal of said phase error detector and applying the 
amplified phase error signal as an input to said voltage-controlled oscillator. 

2. A brushless motor drive system according to Claim 1 , wherein said slope synthesizer (60) includes a 
45 logic circuit (61) generating, on the basis of the output signal of said voltage-controlled oscillator (40), a 

plurality of pulse signals required for synthesizing the slope portions of said drive-coil energization switching 
signals, a slope generating circuit (62) generating, in response to the application of an output signal of said 
logic circuit, its output signals for defining slope waveforms having a frequency proportional to that of the 
output signal of said voltage-controlled oscillator, and a slope synthesizing circuit (63) synthesizing the 
so output signals of said slope generating circuit to form the energization switching signals having a trapezoidal 
waveform according to the output pulse signals of said logic circuit. 
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